Toll-like receptors (TLRs) mediate innate immunity, and their dysregulation may play a role in ␣-synucleinopathies, such as Parkinson's disease or multiple system atrophy (MSA). The aim of this study was to define the role of TLR4 in ␣-synuclein-linked neurodegeneration. Ablation of TLR4 in a transgenic mouse model of MSA with oligodendroglial ␣-synuclein overexpression augmented motor disability and enhanced loss of nigrostriatal dopaminergic neurons. These changes were associated with increased brain levels of ␣-synuclein linked to disturbed TLR4-mediated microglial phagocytosis of ␣-synuclein. Furthermore, tumor necrosis factor-␣ levels were increased in the midbrain and associated with a proinflammatory astroglial response. Our data suggest that TLR4 ablation impairs the phagocytic response of microglia to ␣-synuclein and enhances neurodegeneration in a transgenic MSA mouse model. The study supports TLR4 signaling as innate neuroprotective mechanism acting through clearance of ␣-synuclein. ␣-Synuclein (AS) cytoplasmic inclusions are the pathological hallmark of Parkinson's disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA) commonly called ␣-synucleinopathies (ASPs). It is currently accepted that AS plays a major role in the pathogenesis of these disorders as suggested by genetic 1-3 and experimental studies on the toxicity of AS species.
In the central nervous system different types of TLRs have been identified up-regulated in response to systemic or local insults. 18 TLR4 is associated with CD14-mediated lipopolysaccharide-induced inflammatory signaling, and several observations suggest its role in ischemic brain damage. 19, 20 TLR2 and TLR4/CD14 complex have been associated with the removal of amyloid-␤, indicating innate immunity receptors on microglia as a natural defense mechanism to prevent amyloid-␤ accumulation. [21] [22] [23] [24] Several models of both neuronal 25 and oligodendroglial 26 ASPs have been developed using targeted overexpression of AS. The proteolipid protein (PLP) human AS (hAS) mouse model represents a model of MSA-like neuropathology with oligodendroglial AS aggregates 27 associated with progressive microglial activation and nigral degeneration. 15 This model provides a suitable test bed to address questions related to AS-induced neuroinflammatory responses and neurodegeneration.
The main objective of the current study was to determine the role of TLR4 ablation on motor disability and neuronal loss in the PLP transgenic mouse model of ASPs. We used behavioral, morphologic, biochemical, and cell culture assays to analyze the effect of TLR4 deficiency. TLR4 deficiency was associated with suppression of microglial AS phagocytosis, resulting in poor AS clearance and accelerated neurodegeneration in the ASP model.
Materials and Methods

Transgenic Mouse Lines
Homozygous AS transgenic mice harboring the hAS under the control of the PLP promoter 27 were cross-bred with TLR4
Ϫ/Ϫ mouse strain (C57BL/10ScNJ with a deletion of the TLR4 gene), so that they fail to express TLR4 mRNA and protein, 28 to get first-generation heterozygous mice for both genes (AS ϩ/Ϫ , TLR4 ϩ/Ϫ ). First-generation double-heterozygous mice were further bred to generate in the second-generation AS-expressing TLR4-deficient mice (either AS ϩ/ϩ ,TLR4 Ϫ/Ϫ or AS ϩ/Ϫ ,TLR4 Ϫ/Ϫ ). To select for the double-homozygous line, AS-expressing TLR4-deficient mice were bred for at least three further generations, and only families with 100% AS-expressing TLR4-deficient offspring were kept. All mice were genotyped by tail clip using two subsequent PCR reactions for hAS (controlled versus mouse connexin 32) and mouse TLR4 (controlled versus mouse AS) using the primers indicated in Table 1 . The generation of the PLP-AS mouse was previously described. 27 Homozygous PLP-AS transgenic mice were initially provided by Philipp Kahle, Munich, Germany, and further bred at the Animal Facility of Innsbruck Medical University. Homozygous C57BL/10ScNJ mice 28 were purchased at Jackson Laboratories (stock No. 003752) and further bred at the Animal Facility of Innsbruck Medical University. All experiments were performed according to the Austrian law and with permission by the Federal Ministry for Science and Research of Austria. Animals were housed under a 12-hour light/dark cycle with food and water available ad libitum. All efforts were made to minimize the number of animals used and their suffering.
Phenotypic characterization of mice overexpressing hAS with normal TLR4 expression (assigned here as AS,TLR4 ϩ/ϩ ) and mice with overexpression of hAS and TLR4 deficiency (assigned here as AS,TLR4 Ϫ/Ϫ ) was performed at 6 months of age. To collect brain tissue, mice were deeply anesthetized via an i.p. injection of thiopental and then perfused intracardially with PBS followed by ice-cold 4% paraformaldehyde in PBS, pH 7.4. Brains were rapidly removed from skulls, postfixed overnight in the same fixative at 4°C, and cryoprotected in 25% sucrose in PBS. Frozen brains were cut serially (40-m-thick sections) using a cryostat (Leica, Nussloch, Germany).
For protein analysis, mice were anesthetized with thiopental and perfused intracardially with PBS to remove blood from organs, brains were quickly removed, and blocks of forebrain and midbrain were dissected, snap frozen in liquid nitrogen, and finally stored at Ϫ80°C. Probes were homogenized on ice in lysis buffer containing Complete Mini Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, IN), protein concentration was measured by bicinchoninic acid protein assay (SigmaAldrich, St. Louis, MO), and aliquots for further analysis were stored at Ϫ80°C.
Behavioral Analyses
The behavioral experimenter was masked to the genetic status of the animals. To test locomotor disability, mice were tested in a pole test and an open field test. In the first paradigm we evaluated the ability of each mouse to climb down a vertical wooden pole with a rough surface, 1 cm wide and 50 cm high, as a measure of bradykinesia, balance, and coordination. Each mouse was placed with the head up at the top of the pole, and the time for turning downwards and the total time for climbing down the pole until the mouse reached the floor with the four paws were taken in five trials. The best performance of each mouse was kept for the statistical analysis. 29, 30 In the second paradigm, spontaneous locomotor activity within a 15-minute interval in an open field arena was measured by Flex Field Activity System (San Diego Instruments, San Diego, CA), which allows monitoring and real-time counting of horizontal and vertical locomotor activity by 544 photo-beam channels. Mice were placed in the center of the open field (40.5 ϫ 40.5 ϫ 36.5 cm) and tested always at the same time of the day (6 PM). The tests were performed in a dark room that is completely isolated from external noises and light during the test period. 30 
Neuropathology, Confocal Microscopy, and Stereologic Analysis
The following primary antibodies were used in this study: monoclonal mouse antidopamine and cyclic AMP-regulated phosphoprotein (DARPP-32; a generous gift of Prof. Hugh Hemmings, New York, NY), monoclonal mouse antityrosine hydroxylase (TH; Sigma), monoclonal rat antihAS (15G7; a generous gift of Prof. Philipp Kahle, Tü-bingen, Germany), monoclonal rat anti-mouse CD11b (Serotec, Oxford, England), monoclonal mouse anti-glial fibrillary acidic protein (GFAP; Millipore, Temecula, CA), and purified anti-mouse tumor necrosis factor (TNF)-␣ (BioLegend, San Diego, CA). Immunohistochemistry (IHC) was performed according to standard protocols. Shortly, freefloating sections were treated with 0.3% H 2 O 2 to quench endogenous peroxidase activity, then permeabilized or blocked in solution containing 0.1% Triton X-100, 1% bovine serum albumin, and 10% normal serum (from goat or horse as appropriate) in PBS. Sections were thereafter incubated with primary antibody overnight at 4°C, then incubated with the appropriate secondary antibody (bio- Three-dimensional stacks were acquired with an SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany) using a HCX PL APO 63x, 1.3 NA glycerol immersion objective. Imaging was performed using excitation with the 488-nm laser line for Alexa 488 and a 561-nm laser line for Alexa 594. Fluorescence emission was detected from 492 to 519 nm (Alexa 488) and from 594 to 742 nm (Alexa 594). Images were acquired using the Leica AF acquisition software version 2.2.1 (Leica Microsystems). The stacks were recorded according to the Nyquist criteria to allow deconvolution. Pixel sizes were therefore chosen as follows: x ϭ 43.8 nm, y ϭ 43.8 nm, and z ϭ 125.9 nm. Image deconvolution was performed using Huygens Professional software version 3.6.0p2 (Scientific Volume Imaging, Hilversum, the Netherlands) to improve the resolution. For the SP5 images, a theoretical point spread function was then used to deconvolve the data using the Classical Maximum Likelihood Estimation Algorithm option of the software. Three-dimensional analysis was performed using Imaris x64 software version 7.1.0 (Bitplane, Zurich, Switzerland). Briefly, an isosurface was rendered onto the Alexa 594 -positive cells to define the inner and outer borders of microglia, whereas spot detection was used to identify hAS-positive profiles. We then applied a clipping plane through the cell body and rotated it to view the cellular interior and thus identified the structures of interest.
Unbiased stereologic analysis was performed as previously described. 31 The number of dopaminergic neurons in substantia nigra pars compacta (SNc) and GABAergic medium spiny neurons in striatum was estimated by optical fractionator (Nikon E-800 microscope, Nikon digital camera DXM 1200; Stereo Investigator Software, MicroBrightField Europe e.K., Magdeburg, Germany). The density of striatal dopaminergic fibers was determined as previously described. 32 Briefly, serial sections throughout the striatum were captured at constant camera settings with the above mentioned equipment. TH staining brightness was measured in striatum (OD striatum ) and corpus callosum (OD background ) and the density of the striatal dopaminergic fibers (OD TH ) was calculated according to the following formula: OD TH ϭ Ϫlog (OD striatum /OD background ).
Electron Microscopy
Briefly, as previously described, 33 fixed brains were vibratomed at 40 m and sections from transgenic AS,TLR4
ϩ/ϩ and AS,TLR4 Ϫ/Ϫ age-matched mice were postfixed in 1% glutaraldehyde, treated with osmium tetroxide, embedded in epon araldite, and sectioned with an ultramicrotome (Leica). Grids were analyzed with a Zeiss OM 10 electron microscope as previously described. 34 For immunogold labeling, sections were mounted in nickel grids, etched, and incubated with a rabbit polyclonal antibody against AS (Millipore, Temecula, CA) followed by labeling with a secondary antibody tagged with 10-nm Aurion ImmunoGold particles (1:50; Electron Microscopy Sciences, Fort Washington, PA) with silver enhancement. A total of 125 microglial cells were analyzed per condition. Cells were randomly acquired from three grids, and electron micrographs were obtained at magnifications of ϫ5000 and ϫ25,000.
Measurement of hAS Concentration by ELISA
Protein extracts from the midbrain and forebrain and supernatants from wild-type or PLP-AS mouse mixed glial culture were used to measure the level of hAS protein with an enzyme-linked immunosorbent assay (ELISA) kit (Invitrogen, Camarillo, CA) according to the protocol of the manufacturer.
Measurement of Cytokine Levels by Fluorometric Multiplex Bead-Based Immunoassay
FlowCytomix analysis, including application of the simplex kits for mouse TNF-␣, mouse IL-6, mouse interferon (IFN)-␥, mouse granulocyte-macrophage colony-stimulating factor (GM-CSF), mouse IL-10, and mouse IL-1␣, as well as the mouse basic kit (all from BenderSystems, Vienna, Austria), was performed according to the manufacturer protocol using protein extracts from the midbrain and forebrain.
Cell Culture
Three experimental approaches were used to define AS phagocytosis by microglial cells: (1) BV2 microglial cell line incubated with AS debris, (2) BV2 microglial cell line incubated with recombinant AS, and (3) primary microglia incubated with recombinant AS.
To demonstrate phagocytosis of AS-containing debris by BV2 microglia in vitro, we used previously described U373 cells overexpressing hAS. 10, 14, 35 AS-containing cells were brought into cell suspension of 2 ϫ 10 6 cells/mL in Dulbecco's modified Eagle's medium (DMEM) and then underwent three consecutive freeze-thaw cycles of 30 minutes at Ϫ80°C followed by 15 minutes at ϩ66°C. With this procedure, we achieved 100% cell death as controlled by classical Trypan blue staining. This AS debris suspension was kept at Ϫ80°C for further phagocytosis experiments. BV2 immortalized microglial cell line 36, 37 (provided by Prof. Hubert Kerschbaum, Department of Animal Physiology, University of Salzburg, Salzburg, Germany) was seeded at a density of 9 ϫ 10 5 per well in a 24-well plate with 1 mL of DMEM supplemented with 10% fetal calf serum (FCS). A total of 100 L of the AS debris suspension was added to the BV2 cells, and after 5 minutes, 2 hours, and 24 hours image analysis was performed using a DMI4000B Leica microscope provided with Leica application software and Digital FireWire Color Camera DFC300 FX (Leica Microsystems).
To confirm AS phagocytosis by BV2 microglia and define the role of TLR4, BV2 cell cultures were exposed tocells with anti-mouse TLR4/MD2 antibody clone MTS510 (BioLegend, San Diego, CA). Recombinant wild-type hAS protein was prepared as follows. Full-length hAS was amplified from human spinal cord cDNA (Clontech, Palo Alto, CA) by PCR as previously described. 14 The complete AS coding sequence was cloned into the prokaryotic expression vector pET101/D-TOPO (Invitrogen, Lofer, Austria) according to the manufacturer's instructions. After sequence analysis, protein expression was induced using isopropyl-␤-thiogalactopyranoside (Sigma-Aldrich). The protein was purified by affinity chromatography applying nickel nitrilo-triacetic acid agarose (Qiagen, Hilden, Germany) and dialyzed against PBS, pH 7.4. Endotoxin contamination was removed by a Detoxi-Gel endotoxin removing gel step (Pierce, Rockford, IL) and probes were stored at Ϫ80°C.
To confirm AS phagocytosis in primary microglia in relation to TLR4 expression, purified microglial cell culture from wild-type and TLR4-deficient newborn mouse brains (days 1 to 3) was prepared. After removal of the meninges, cortices were minced and cells were dissociated with 0.004% DNase at 37°C and suspended in DMEM:Nutrient Mixture F-12 (DMEM/F12; Gibco Products, Invitrogen Corporation, Carlsbad, CA) supplemented with L-glutamine, 10% FCS, 100 U/mL of penicillin, and 100 g/mL of streptomycin. Cells were plated at a density of two brains per T75 culture flask and incubated at 37°C in a humid atmosphere with 5% CO 2 . Culture medium was changed twice a week. After 14 days, confluent mixed glial cultures were shaken at 180 rpm on an orbital shaker overnight at 37°C. Microglial cells in the supernatant after shaking (90% CD11b positive and 72% TLR4 positive as measured by flow cytometry, data not shown) were replated in 24-well cell culture plates at a density of 100 000 cells per well in DMEM supplemented with 10% FCS and L-glutamine. Microglial cultures were exposed to 3 mol/L recombinant AS.
To define extracellular release of hAS from oligodendroglia overexpressing hAS under the PLP promoter, primary mixed glial culture from newborn (days 1 to 3) PLP-AS and control C57Bl/6 mice was prepared as previously described. 38 After removal of the meninges, cortices were minced and cells were dissociated with 0.004% DNase at 37°C and suspended in DMEM/F12 Ϫ/Ϫ mice. F: DARPP-32 IHC for striatal medium spiny neurons showed no significant difference between AS,TLR4 ϩ/ϩ and AS,TLR4
Ϫ/Ϫ mice. Groups were compared by unpaired two-tailed t-test. Results are presented as mean Ϯ SEM (for each group n ϭ 6). *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, and ****P ϭ 0.0001.
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Statistical Analysis
Results are shown as the mean Ϯ SEM, as indicated in each figure. Student's t-test for unpaired data or MannWhitney U-test for nonparametric data were used for sta- tistical analysis, and a one-way analysis of variance was used for multiple comparisons. Two-way analysis of variance with a post hoc Bonferroni test was used when two independent factors were analyzed (eg, genotype and area or genotype and treatment as indicated in each figure) . P Ͻ 0.05 was considered statistically significant.
Results
AS-Overexpressing Mice with Deficient TLR4 Exhibit Exacerbated Motor Disability
To evaluate the in vivo effects of TLR4 in a murine model of ASP, we generated AS-expressing TLR4-deficient mice (AS,TLR4 Ϫ/Ϫ ) by cross-breeding AS transgenic mice expressing hAS under the control of the PLP promoter (PLP-AS mice 27 ) with a mouse strain with deletion of the TLR4 gene. 28 We analyzed the locomotion of AS,TLR4
Ϫ/Ϫ mice compared with AS-expressing mice with normal expression of TLR4 (AS,TLR4 ϩ/ϩ ). Motor analysis of AS,TLR4
ϩ/ϩ and AS,TLR4 Ϫ/Ϫ mice was performed at 6 months of age. Open field activity test showed impaired rearing behavior of AS,TLR4
Ϫ/Ϫ mice versus AS,TLR4 ϩ/ϩ ( Figure 1A ). In the pole test, the time to turn downwards on a vertical pole was increased in AS,TLR4
Ϫ/Ϫ mice ( Figure 1B) . In control mice without expression of hAS, we did not detect locomotor disability induced by TLR4 deficiency alone (Figure 1 ).
TLR4 Deficiency in AS-Overexpressing Mice Augments Neuronal Loss in SNc and Loss of Dopaminergic Terminals in Striatum
In the control group of TLR4-deficient mice, we found a preserved number of nigral dopaminergic neurons versus control wild-type mice ( Figure 1C) . We have previously observed a selective susceptibility of nigral dopaminergic neurons to oligodendroglial AS overexpression in the transgenic mouse model applied here. 30 We demonstrate now that the deletion of TLR4 in the ASP model augmented dopaminergic nigral cell loss ( Figure 1C ) corresponding to loss of cresyl violet-stained neurons in SNc ( Figure 1D ) and loss of dopaminergic terminals in the striatum ( Figure 1E) . However, the number of striatal DARPP-32-positive GABAergic medium spiny neurons appeared unaffected by TLR4 deficiency in AS,TLR4 Ϫ/Ϫ mice compared with AS,TLR4 ϩ/ϩ mice ( Figure 1F ).
TLR4 Deficiency Is Associated with Disturbed Clearance of AS
Previous in vitro studies suggested microglia as the major scavenger cells for extracellular AS. 39 To determine whether phagocytosis of AS debris by microglia is a possible mechanism of AS clearance, 39 we first used suspension of AS debris prepared from U373 cells with hAS inclusions as previously described 10, 14, 35 (Figure 2A ). Two hours after incubation, AS debris were incorporated in BV2 immortalized microglia (Figure 2A) . Next, we found that phagocytosis of AS can be suppressed by functional blocking of TLR4 ( Figure 2B ). Finally, to confirm these findings, primary TLR4 ϩ/ϩ and TLR4 Ϫ/Ϫ microglia was incubated for 1 hour with recombinant AS. Forty percentage of the primary TLR4 ϩ/ϩ microglia showed dotlike AS-positive profiles engulfed in the cytoplasm, whereas only 2% of primary TLR4 Ϫ/Ϫ microglia showed phagocytosed AS in their cytoplasm ( Figure 2C) .
As suggested by our in vitro results, the accumulation of AS in the brains of AS,TLR4
Ϫ/Ϫ mice may be due to disturbed microglial phagocytosis of AS. To confirm that hAS is secreted from transgenic oligodendroglia into the extracellular space, we measured by ELISA the release of hAS in the supernatant of mixed glial cultures prepared from PLP-AS mice and detected levels of 1.24 to 5.24 ng/mL of hAS. Next, in vivo phagocytosis of hAS by microglia was shown in brains of AS,TLR4 ϩ/ϩ mice ( Figure  3A) ; however, it was not readily detectable in AS,TLR4 Ϫ/Ϫ mice ( Figure 3B ). This finding was confirmed by confocal microscopy and three-dimensional analysis of confocal images with Imaris x64 software and isosurface recon- ϩ/ϩ and AS,TLR4
Ϫ/Ϫ mice. Microglia and macrophage cells were identified close to the perivascular areas by their elongated nucleus with condensed chromatin and abundant lysosomes and phagocytic organelles in the cytoplasm. In AS,TLR4 ϩ/ϩ mice, microglia and macrophages showed abundant gold particles in association with phagosomes and lysosomes. In contrast, microglia and macrophages of AS,TLR4 Ϫ/Ϫ mice had fewer gold particles in phagocytic cytoplasmic organelles as defined by the number of gold grains per microglia and macrophage cell (n ϭ 125 for each). Original magnification, ϫ5000 and ϫ25,000, respectively. ***P ϭ 0.001. Figure 3C ). Ultrastructural analysis was further used to determine the phagocytic activity of microglia in AS,TLR4
ϩ/ϩ and AS,TLR4 Ϫ/Ϫ mice. Microglia and macrophage cells were identified by their morphologic characteristics and close proximity to perivascular areas. These cells usually have an elongated nucleus with condensed chromatin and contain abundant lysosomes and phagocytic organelles. Immunogold labeling for AS in AS,TLR4 ϩ/ϩ and AS,TLR4 Ϫ/Ϫ mice was localized in oligodendroglial cells in association with the inner and outer mitochondrial membranes and cytoplasmic structures (data not shown). In the AS,TLR4 ϩ/ϩ mice abundant gold particles were found in association with phagosomes and lysosomes in microglia, whereas in AS,TLR4 Ϫ/Ϫ mice there were fewer gold particles in phagocytic cytoplasmic organelles (Figure 4) . Finally, to analyze the effect of TLR4 deficiency on AS level in transgenic mice in vivo, hAS concentration in the midbrain and forebrain was measured by ELISA and showed a significant increase in AS,TLR4
Ϫ/Ϫ mice compared with AS,TLR4 ϩ/ϩ mice ( Figure 5 ).
AS,TLR4 Ϫ/Ϫ Mice Present with Increased Levels of TNF-␣ in the Midbrain Associated with Proinflammatory Astroglial Response
Analysis of brain concentrations of several inflammatory modulators was performed by fluorometric multiplex bead-based cytokine immunoassay. An unexpected region-specific increase of TNF-␣ concentration in the midbrain was detected in AS,TLR4
Ϫ/Ϫ mice ( Figure 6A ). However, other cytokines, including IL-6, IFN-␥, GM-CSF, IL-10, and IL-1␣, did not show significant differences between AS,TLR4 Ϫ/Ϫ and AS,TLR4 ϩ/ϩ mice in either the midbrain or forebrain ( Figure 6A) . To define the cell source of TNF-␣ in the midbrain of AS,TLR4
Ϫ/Ϫ mice, double immunofluorescence labeling was performed. Predominant colocalization of GFAP and TNF-␣ was evidenced in the SNc of AS,TLR4
Ϫ/Ϫ mice ( Figure 6B ).
Discussion
Up-regulation of TLRs has been demonstrated in brains with ASPs, such as PD, DLB, and MSA, highlighting innate immunity as a novel therapeutic target in these disorders. 15, 16 We show that TLR4 is an important mediator of microglial phagocytosis of AS. We demonstrate deleterious effects of TLR4 ablation in a transgenic mouse model of MSA. 15,40 -42 Motor impairment and loss of nigrostriatal dopaminergic neurons and fibers were significantly aggravated in TLR4-deficient mice with hAS overexpression. This phenotype was associated with increased AS accumulation throughout the brain, implicating TLR4 signaling in the pathogenesis of ASPs. We propose that TLR4 up-regulation in microglia is a natural mechanism to boost the clearance of extracellular AS in ASPs. Similar to previous studies that demonstrated AS secretion from neuronal cells, 43, 44 we show that oligodendroglial cells overexpressing hAS are also able to secrete Figure 5 . Effect of TLR4 ablation on AS brain levels. Four animals per group were used to dissect the forebrain and midbrain and prepare lysates for measurement of hAS protein concentration by ELISA. Two-way analysis of variance (with factors genotype and area) with a post hoc Bonferroni test showed a significant increase of hAS protein concentration in both the forebrain and midbrain of AS,TLR4
Ϫ/Ϫ mice. ***P ϭ 0.001, ****P Ͻ 0.0001. the protein extracellularly, where it becomes available to microglia. Liu et al 45 previously described endocytosis of fibrillar AS by microglia. The scavenger role of microglia for extracellular AS has been proposed also by Lee et al. 39 We expand these findings by in vitro observations of cytoplasmic AS incorporation in microglial cells in vitro. Further, microglial phagocytosis of extracellular AS was demonstrated in PLP-AS mice by immunofluorescent ASpositive dotlike cytoplasmic deposits or AS-immunogold labeling within microglial phagosomes. Functional blocking or knock down of TLR4 in microglia resulted in suppression of AS phagocytosis in vitro, and TLR4 ablation in vivo led to reduced phagocytosis by microglia associated with accumulation of AS in the mouse brain. These results confirm the role of TLR4-mediated clearance of extracellular AS by microglia, the main cell type bearing TLR4 in the brain; however, the exact mechanisms need further elucidation. In summary, impaired TLR4-regulated AS clearance appears to exacerbate neurodegeneration by increasing AS accumulation, which is especially toxic to nigral dopaminergic neurons, 5, 46 therefore contributing to the pathogenesis of ASPs.
Parallel to the increased accumulation of AS that may directly exert toxicity, we identified enhanced proinflammatory signaling with increased production of TNF-␣ in the midbrain of AS,TLR4
Ϫ/Ϫ mice. Double staining enabled us to define astroglia as the main source of TNF-␣ in SNc of AS,TLR4
Ϫ/Ϫ mice. The exact mechanism of this proinflammatory response will need further elucidation. A possible pathway may be the direct transfer of AS leading to an enhanced proinflammatory response by astroglia as recently suggested. 47 The selectively increased proinflammatory response in the midbrain of AS,TLR4 Ϫ/Ϫ mice in vivo may be related to the increased oxidative stress milieu in SNc, associated with augmented cell death of nigral dopaminergic neurons under the exposure to higher concentrations of AS. 48, 49 The increased levels of TNF-␣ may further trigger the direct cell death of dopaminergic neurons. 50 Altogether these events contribute to the vicious circle of progressive neurodegeneration in SNc in AS,TLR4
Ϫ/Ϫ mice. The finding of enhanced nigral neuropathologic characteristics in AS,TLR4 Ϫ/Ϫ mice is supported by our behavioral observations. The locomotor phenotype of mice in the present study was analyzed applying two nigrostriatal pathway-dependent tests. The pole test is used to assess basal ganglia-related movement disorders in mice 29, [51] [52] [53] [54] [55] [56] and involves several aspects of motor function, including movement initiation, balance, coordination, and bradykinesia, due to a hypodopaminergic state rather than cerebellar abnormalities. Changes in rearing behavior provide an early sign of basal ganglia dysfunction reflected in disturbed locomotor activity 57 and strengthen the finding that the motor phenotype observed in AS,TLR4
Ϫ/Ϫ mice corresponds to the underlying striatonigral pathologic features consistent with previous reports on mouse models of PD. 55, 56, 58 We demonstrate now by in vitro and in vivo methods that TLR4 is involved in the process of extracellular AS uptake and clearance. On the basis of our current work, we propose that TLR4 signaling participates in an endogenous neuroprotective mechanism in ASPs, similar to other protein-misfolding disorders. Recently, Spinner et al 59 reported increased disease-specific prion protein PrP Sc accumulation and reduced immune recognition and response to PrP Sc in TLR4-deficient mice compared with wild-type animals, consistent with our current observations in a model of ASPs with TLR4 ablation. Furthermore, a similar mechanism involving TLRs appears to be operative in the clearance of amyloid-␤ in Alzheimer's disease-another neurodegenerative disorder with a prionlike pathogenesis. [21] [22] [23] [24] 60 How plausible is it to target TLR4 responses in ASPs to modify disease progression? Although administration of TLR4 ligands may activate phagocytosis and clearance of AS deposits and be related to beneficial effects, TLR4 agonist treatment could lead also to dangerous adverse effects associated with the induction of high levels of proinflammatory mediators. [61] [62] [63] The proinflammatory signaling induced by TLR4 agonists may be counteracted by co-application of specific antagonists to neutralize the involved proinflammatory cytokines but enhance the phagocytic activity related to improved clearance of the toxic protein species. This approach will necessitate further preclinical investigations to define its feasibility in ASPs.
In summary, in this study we show that misbalanced TLR4 signaling may play a crucial role in ASP progression. The TLR4-dependent pathway represents an important AS clearance mechanism. The present data emphasize the importance of functional clearance mechanisms related to a "healthy" microglial response in ASPs and support the hypothesis that progression of PD and related disorders with AS pathologic characteristics may result from a primary long-term impairment of microglia, reflecting agerelated dysfunction or genetic predisposition. The current findings have significant implications for the development of novel disease-modifying therapies for ASPs.
